The effect of ferroelectric poling on the adsorption characteristics of water at lithium niobate surfaces is investigated by ab initio calculations. Thereby we model the adsorption of H 2 O monomers, small water clusters, and water thin films on the LiNbO 3 (0001) surface. The adsorption configuration and energy are determined as a function of the surface coverage on both the positive and negative (0001) surfaces. Confirming the results of temperature programed desorption measurements [Garra, Vohs, and Bonnell, Surf. Sci. 603, 1106 (2009)], polarization-dependent adsorption energies, geometries, and equilibrium coverage are found. Our calculations predict the adsorption to occur mainly nondissociatively, independently of the coverage. The water structures formed at the surface are coverage-dependent, though. The different affinity of water to the two surfaces is explained in terms of electrostatic interactions between the substrate and polar molecules. Water adsorption accentuates the surface relaxation, thus increasing the microscopic surface roughness.
I. INTRODUCTION
Lithium niobate [LiNbO 3 (LN) ] is one of the most important optic materials because it is the equivalent in the field of nonlinear optics and optoelectronics to silicon in the field of electronics. 1 Because of its unusual and favorable optical, piezoelectric, pyroelectric, electro-optic, elastic, photoelastic, and photorefractive properties, LN is frequently used for various (nonlinear) optical and acoustic applications. 2 Furthermore, the possibility of switching the internal spontaneous polarization paves the way for the realization of ferroelectric memory devices. 3 While traditional applications mainly exploit LN bulk properties, more recently the (microscopic) surface and interface properties have become important. 4 In particular, the polarization domains of ferroelectric oxide surfaces can be manipulated by an external electric field in order to tailor the surface reactivity for specific applications. Indeed, polarization-dependent physical and chemical surface phenomena have been reported. Surface conductivity, 5 threshold energy for photoelectron emission, 6 thermally stimulated electron emission, 7 and the etching rate in acid solutions 8, 9 have been shown to be very different for differently polarized domains. Polarization-dependent adsorption of particle and molecules, either directly on the ferroelectric surface 10, 11 or on metal and semiconducting thin films deposited in a ferroelectric support, 12 have been demonstrated too. In addition, photochemical deposition reactions can be combined with the local control of the ferroelectric polarization to drive the assembly of surface nanostructures. 13 Thus, domain engineering paves the way for the realization of molecular detectors and other devices at the nanoscale level. In fact, it has been suggested that molecular adsorption may stabilize opposite poling directions in ferroelectric thin films, allowing for the realization of ferroelectric chemical sensors. 14 Due to these interesting possibilities, different studies have been dedicated to an understanding of the mechanisms behind the polarization-dependent interaction between adsorbates and surfaces. These include the photochemical deposition of metal nanoparticles, 15, 16 deposition of charged particles, 17 and the adsorption and reaction of molecules on different ferroelectric surfaces. 10, 18, 19 These studies yield a rather complicated picture, in which many factors such as internal and external screening charges on the surfaces, electrostatic forces induced by space-charge layers and band bending, pyroelectric and piezoelectric effects, as well as charge transfer processes contribute to the observed polarization dependence of the adsorption. These contributions depend, in turn, on the particular ferroelectric surface (electronic carrier density, electronic band gap, the presence of defects, and domain boundaries), on its preparation (sample thickness, polishing, and annealing temperature), and on the experimental setup (substrate temperature, environment composition and pressure, and light source used for the carrier excitation). Water molecules have a prominent position among the common adsorbates because of their role in natural phenomena such as catalysis, electrochemistry, and corrosion, and because of a variety of applications, including hydrogen production, fuel cells, and biological sensors. Furthermore, water will be present and influence the performance of the LN-based devices unless they operate in ultrahigh vacuum (UHV). The functionality of devices operating in particular environments might even depend on the relative humidity. Indeed, water temperature programed desorption (TPD) measurements at the positive and negative surface of LiNbO 3 indicate that the molecule-surface interaction is both coverage-and polarization-dependent. Another reason to study the water-LN interface is related to the fact that up to now, high-resolution atomic force images of the LN surface could only be obtained in a liquid environment. 20 To understand the experimental observations, we study the coverage-dependent adsorption of water at the positive and negative LN(0001) surface by means of atomistic simulations in the framework of the density functional theory (DFT). Adsorption energy, site, and configuration are determined, and the bond between water and surface is analyzed and discussed. Surface thermodynamics is used to predict the ground state of water-covered LN surfaces in dependence on temperature and pressure.
II. METHODOLOGY
Total energy density functional calculations have been performed within the PW91 formulation of the generalized gradient approximation (GGA) 21 as implemented in the VASP simulation package. 22 The GGA functional has been shown to be crucial for the accurate treatment of hydrogen bonds and water structures 23 and to yield reliable structures and energies for both LN bulk and surfaces. 24, 25 Projector augmented wave (PAW) potentials 26 with projectors up to l = 3 for Nb, l = 2 for Li and O, and l = 1 for H have been used for the calculations. The electronic wave functions are expanded into plane waves up to a kinetic energy of 400 eV.
The stoichiometry and the morphology of differently polarized LN clean surfaces are known to be different. 25, [27] [28] [29] [30] Our work is based on the stable surface models proposed in Refs. 25 and 29, which are in agreement with the experimental observation. According to these models, the positive surface is -Nb-O 3 -Li 2 terminated, with one of the two top Li atoms relaxing down to the lower-lying oxygen layer and the other above it, as represented in Fig. 1(a) . The negative surface is -Li-O terminated instead [see Fig. 1(b) ]. These models are used as a basis for the investigation of the H 2 O adsorption. Thereby, we use slabs consisting of 18 atomic layers within a 2 × 2 periodicity (124 atoms for the positive face and 128 for the negative) and a vacuum region of ∼16Å. The lateral dimension of the unit cell largely reduces the unwanted interactions between the adsorbates and their periodic images. Using one molecule per slab corresponds, in a first approximation, to the zero-coverage adsorption (or desorption) investigated, for example, in Ref. 11 . In our work, the slabs are handled in strict adherence to the approach described in Ref. 25 . Following this approach, the ions of the side that is not investigated are kept frozen at their bulk positions. We have performed several test calculations with slabs containing the stable termination at each side. These tests confirm the obtained results within the numerical accuracy of the method. The dipole correction described in Refs. 31 and 32 has been used to correct the artificial forces generated by the slab images. A -centered 2 × 2 × 1 k-point mesh was used to carry out the integration in the Brillouin zone. The adsorbate and the six uppermost surface layers were allowed to relax until the forces acting on each atom were lower than 20 meV/Å.
III. RESULTS
We started our investigation with a determination of the favored adsorption site for single H 2 O molecules on the considered model structure. We follow Refs. 2, 25, and 29 concerning the convention for discriminating positive and negative surfaces, which differs from Ref. 11. Due to the complexity and low symmetry of the LN (0001) surface, it is not sufficient to simulate the adsorption of water monomers on a few high-symmetry points (typically top, bridge, hollow, etc. for hexagonal structures). In a first step, we have therefore calculated the potential energy surface (PES) for single adsorbates, which gives an approximate idea of the stable adsorption sites and a map of the different energy minima on the surface. The PES is calculated constraining the lateral coordinates of the oxygen atom of the adsorbate and allowing the remaining degrees of freedom and the uppermost six substrate layers to relax. We have evaluated the adsorption energy for 48 possible positions and three different starting configurations, namely with the water dipole moment parallel, antiparallel, and perpendicular to the spontaneous polarization of the substrate. The results are reported in Figs. 1(a) and 1(b) for the adsorption at the positive and negative side, respectively. The PESs are relatively corrugated, indicating a low surface mobility of the adsorbate. This holds in particular for the negative surface. Several minima and maxima of the adsorption energy are present at both sides. As a general feature, H 2 O avoids a position right on top of the topmost Li atoms, and it prefers an adsorption site between cations, above the lower-lying oxygen atoms (second oxygen layer from the surface top).
A. Zero-coverage adsorption
In a second step, we have determined the optimal configuration for the adsorption at both (0001) sides. Thereby, we start with the adsorbate in several of the favored adsorption sites as obtained from the PES calculation. However, we now let the molecule and the surface relax without any constraints. The water molecules do not move considerably toward other adsorption sites, indicating that the mesh used for the PES calculation was dense enough.
In the energetically favored configuration, the water molecule adsorbs quite tilted on the positive surface [see The water adsorption at the positive side does not substantially affect the substrate geometry. An analysis of the charge density reveals a polarization cloud between a water hydrogen and the surface oxygen it points to, as well as the negative charge accumulation at the oxygen side between molecule and surface Li [see Fig. 2(a) ]. The charge distribution, the interatomic distances, 33 and the adsorption geometry suggest that water molecules form both a Li-O bond of ionic character and a hydrogen bond at the positive surface.
In the case of the negative surface, the oxygen of the water molecule adsorbs close to a surface Li, at a distance d(O − Li) = 1.83Å. One of the two hydrogen atoms points to a neighboring surface oxygen, with distance d(O − H) = 1.50Å, while the other points out from the surface, as represented in Fig. 2(b) . Charge distribution, interatomic distances, and geometry are compatible with a Li-O bond and an O-H hydrogen bond. The presence of the adsorbate induces some relaxation of the surface atoms. The adsorption pulls the surface Li out of its relaxed surface position and elongates its three bonds to neighboring oxygen ions. This is very similar to the effect of water adsorption at the nonpolar Al 2 O 3 (0001) surface, which was recently found to significantly disrupt the clean Al 2 O 3 surface geometry. 34 We notice that another configuration of very similar energy can be created. In this case, the oxygen of the water molecule again adsorbs close to a surface Li, at a distance d(O − Li) = 1.89Å. However, both hydrogen atoms point roughly to a neighboring oxygen, with
16Å. In this second configuration, all the water atoms are bound to the surface, with an ionic Li-O bond and two O-H hydrogen bonds (of different strength). In all the stable configurations, the z component of the molecular dipole moment is directed against the spontaneous polarization of the substrate, thus reducing the total polarization. The adsorption energy, as calculated from the difference
amounts to 0.61 and 1.28 eV for the adsorption at the positive and negative surface, respectively. The calculated energy difference is in qualitative agreement with the TPD measurements of Garra et al. 11 However, the measured adsorption energy difference (estimated to be between 2.8 and 4.0 kJ/mol, corresponding to 0.029-0.041 eV) is lower than the values predicted by the theory (0.67 eV) by one order of magnitude. This discrepancy may partially be explained by the relatively large error bars affecting both the measurements and the calculations. At one side, the experimental value is obtained modeling the TPD spectra within the PolanyWigner relations, which contain preexponential factors to be determined, and for which values scattered over several orders of magnitude have been reported (see Ref. 11 for a detailed explanation of the procedure). It is also not clear to what extent the experimental preparation conditions result in the (thermodynamically stable) surface atomic structures supposed in our study. From a theoretical point of view, it has to be said that adsorption energies do strongly depend on the parametrization of the exchange-correlation functional, both directly and indirectly through their geometry dependence. Due to these limitations, the qualitative agreement between theory and experiment achieved in the present work may be considered to be satisfactory. We mention that a recent theoretical study 35 on the adsorption of methanol on lithium niobate Z-cut surfaces also found larger adsorption energy differences between a positive and negative surface than were concluded from the experimental data. The sizable adsorption energy difference calculated in this work can be understood from an atomistic and an electrostatic perspective. The disparity of the values can be traced back to the different bonding scenario at the two sides. The bond at the negative side is shorter, i.e., stronger than at the positive surface. This is due, in turn, to the different stoichiometry and morphology of the two (0001) sides. From an electrostatic perspective, it must be considered that the work function at the positive side is larger by about 2 eV than at the negative side. 6, 25 This could contribute to the difference in adsorption energy by affecting the electron transfer between the molecule and the surface, thus explaining why the H 2 O adsorption at the negative side is favored with respect to the adsorption at the positive side. We remark that Garra et al. 11 give an alternative explanation for the observed values. According to their model, the shift in desorption temperature is caused by a difference of a few kJ/mol in the zero-coverage desorption energy. The authors trace this effect back to an electrostatic interaction between adsorbates (specifically, the hydrogen atoms in water) and excess screening charge due to the pyroelectric effect.
We have investigated the adsorption energy in dependence on the molecule-surface distance in order to find out whether the water molecules have to overcome an energy barrier to adsorb at the LN surface (and in this case determine its magnitude). Thereby, starting with the favored adsorption configuration, the oxygen ion of the water molecule is rigidly translated upward (perpendicular to the surface), while the rest of the system (including the six uppermost surface layers) is free to relax. The calculated adsorption energy is represented in Fig. 3 . Both for the positive and the negative surface, the height-dependent adsorption energy is a monotonically increasing function of the distance from the surface, until the saturation value (represented by the gas phase) is reached. Water molecules can adsorb in their minimum energy positions at the LN(0001) without any energy barrier.
B. Higher coverages
Depending on the experimental conditions, surface adsorbed water may form different low-dimensional structures, ranging from isolated monomers and clusters to one-dimensional (1D) chains and a two-dimensional (2D) overlayer (see, e.g., Ref. 36). With increasing coverage, water may form networks of hydrogen-bonded molecules, water multilayers, and bulk icelike structures. To study the water adsorption at higher coverage, we systematically increased the number of water molecules up to four per surface unit cell. Different adsorption configurations as well as (partially) dissociated adsorption models were probed. All the tentative model structures are surface-commensurate, even for higher coverage. No long-range water reconstructions (i.e., larger than a 2 × 2 repetition of the unit cell) have been investigated. A number of different structures have been found to be (meta)stable; the most relevant among them are shown in structures, honeycomb films and different kinds of distorted hexamers can be formed, as shown in Fig. 5 . The dotted lines joining the water molecules are arbitrarily drawn guides for the eye and do not represent a chemical bond. We remark that our adsorption models are based on ideal surfaces created in vacuum. Real surfaces will be characterized by steps, and other surface defects (primarily oxygen and Li vacancies) will be characterized by the presence of other adsorbates and, in the case of extremely O-rich growth conditions, even by a different termination.
The particular water structure occurring on the LN surface depends on the water availability. To compare different surface water structures energetically, we use the thermodynamic grand-canonical potential:
In this equation, n is the number of water molecules and F (n) is the free energy of a surface with n adsorbed water molecules. In our work, the free energy is approximated by the DFT total energy E(n), which is a reasonable approximation if we assume similar entropy contributions for different adsorption configurations. 39 The formation energy of the different water structures in dependence on the water chemical potential μ
is plotted in Fig. 6 3 surfaces are in equilibrium with water in the gas phase. The structure with the lowest formation energy, represented in the phase diagram by the lowest segment, will be formed at each value of μ H 2 O For an absolutely dry environment, the clean LiNbO 3 surface is stable. As the environment gets more and more humid, a variety of water-adsorbed surface structures may be observed. Interestingly, for intermediate conditions, the structure consisting of regular hexagons is favored upon the adsorption of isolated molecules at the positive side. This indicates that not only the water-surface interaction but also the interwater hydrogen bonding plays an important role in the formation of surface structures. At the same intermediate conditions, isolated water monomers are favored at the negative surface instead. This is probably due to the rugged morphology of the surface, which hinders the uniform and regular adsorption of water films in regular patterns. Finally, for water-rich conditions, 3D water structures (i.e., bulk ice) will be formed at both sides. Regular ice I h structures are formed upon adsorption of more than four water molecules per surface unit cell. Thereby, the first water layer at the ferroelectric-ice interface shows a relatively regular honeycomb pattern, irrespective of the polarization direction.
The chemical potential can be directly related to the experimental conditions. In the following, μ H 2 O refers to the difference between the water chemical potential μ H 2 O and its value in the ice phase μ
H 2 O . The dependence of μ H 2 O on temperature and pressure can be calculated in the approximation of a polyatomic ideal gas 41 as where k B is the Boltzmann constant, T is the temperature, and p is the pressure. V Q is the quantum volume and is equivalent to λ 3 , whereby λ is the de Broglie thermal wavelength of the water molecule:
In this equation, m represents the mass of the H 2 O molecule, and water molecule. 42 The geometrical parameter σ takes the symmetry of the molecule into account. For H 2 O (equal-sided triangle), it holds that σ = 2. The calculated phase diagram of H 2 O at the positive LN(0001) surface as a function of pressure and temperature is shown in Fig. 7 (top) . According to our calculations, a water film with hexagonal symmetry is present at the LN surface at ambient condition with a relative humidity of about 50%. This is not surprising, as the adsorption of polar molecules is known to be the major external charge-compensation mechanism. 43 Heating the system above 100
• C, clean LN (i.e., water-free) surfaces are recovered. Increasing the water partial pressure above the room pressure yields the growth of water bilayers and 3D structures. At the negative side (Fig. 7, lower part) , water monomers or ice seeds are present at ambient conditions. Our calculations predict a very interesting behavior: according to the phase diagrams in Fig. 7 , water shall freeze at different temperatures on differently polarized LN surfaces. Indeed, this phenomenon has been experimentally observed recently for the isostructural ferroelectric LiTaO 3 . 44 Garra et al. have proposed that water adsorbs on the LN surfaces through a bonding interaction between each molecule's oxygen and a surface cation (Li,Nb) , as well as through the electrostatic interaction between the molecule's hydrogen atoms and oxygen atoms on the surface. 11 Our microscopic calculations clearly confirm and validate this model. In qualitative agreement with the experiment, the relative adsorption energy per water molecule decreases with the water coverage. The energetic difference between adsorption geometries is, however, smaller than 15%. This indicates that the surface-molecule interaction is dominant over the molecule-molecule interaction. In further agreement with Ref. 11, the water adsorption is found to occur mainly nondissociatively. To investigate this behavior, the total energy of dissociated water molecules has been calculated in 30 different configurations at each side. Thereby, water fragments have been posed at the stable adsorption sites for O and OH radicals as calculated in Ref. 45 . At both sides, the molecular adsorption was favored over the dissociated adsorption by at least 0.02 eV. This difference is, however, comparable with the accuracy of the approach. Thus, dissociative adsorption cannot be excluded. More generally, the presence of different adsorbates in the atmosphere could modify the thermodynamic stability of the surfaces and favor dissociative adsorption. Furthermore, dissociative adsorption might occur close to a surface defect or in the vicinity of a step, as in the case of MgO(100) and other metal oxide surfaces. 36, 46 In addition to investigating the effect of ferroelectric poling on water adsorption, we have examined the impact of water molecules on the surface with regard to both its structural (morphology) and electrostatic properties. Regarding the first, using the common surface roughness parameters R a (arithmetic average of the absolute values) and R q (root mean squared) as amplitude parameters,
the calculated microscopic roughness of clean surfaces amounts to R a = 1.584Å, R q = 1.644Å for the positive and R a = 1.992Å, R q = 2.216Å for the negative surface, respectively. The surface roughness is also reflected by the differently corrugated charge densities at the two sides, as represented in Fig. 8 . On both surfaces, the water adsorption accentuates the surface relaxation, proportionally to the amount of adsorbed molecules. Thus, the presence of a water film (water monolayer) increases the surface roughness to R a = 1.680Å, R q = 1.758Å for the positive and R a = 2.164Å, R q = 2.472Å for the negative surface. In the case of the negative LN(0001) surface, even the order of the outermost atomic layers changes. While oxygen forms the uppermost layer in vacuum, the Li atoms are pushed outward by nearly 1Å upon adsorption of a complete water monolayer, so that they lie 0.06Å above the oxygen atoms at the water-LN interface. Both the larger increase of the surface roughness as well as the change of order in the atomic layer can be traced back to the softer atomic bonds at the negative surface. These are demonstrated, in turn, by the softer phonon modes at the negative surface. Regarding the electrostatics, the calculation of the work function upon adsorption yields insights into the charge compensation mechanisms, which play a crucial role in the physics of ferroelectric surfaces. Indeed, it allows us to determine the direction of the charge transfer between the surface and adsorbates. An estimation of the surface charge of ideal, relaxed surfaces can be found in Ref. 29 . The authors present a simple electrostatic model, predicting a positive charge of +e/4 at the LN(0001) (so called negative surface) and a negative charge of −e/4 at the LN(0001) (so called positive surface). This charge is expected to be compensated by adsorbates. We predict a decrease of the work function (of 0.34 eV) at the negative side and an increase of the work function (of 0.49 eV) at the positive side upon adsorption of a single molecule. This corresponds to an electron transfer directed from the molecule to the surface at the positively charged side and vice versa from the surface to the adsorbate at the negatively charged surface. Thus, the water adsorption has in both cases a stabilizing influence as it contributes to reduce the surface charge.
IV. CONCLUSIONS
We have performed density functional calculations to model the water adsorption at the LiNbO 3 surface. Isolated H 2 O molecules are characterized by an adsorption energy of 0.61 and 1.28 eV at the positive and negative side, respectively. The adsorption configuration and adsorbate mobility are strongly polarization-dependent, in qualitative agreement with temperature programed desorption measurements. 11 This seems to be a general feature for the adsorption of polar molecules on the LN z surface, as revealed by recent experiments on the adsorption of 2-propanol on LN. 10 The adsorption energy differences are explained by different molecular bonding geometries on the two structurally distinct surfaces. With increasing water coverage, different structures are formed whose adsorption energy per molecule is in qualitative agreement with the TPD data. In further agreement with Ref. 11, the water adsorption is found to occur mainly nondissociatively, independently of the coverage. At ambient condition and assuming a relative humidity of 50%, we expect water molecules to be adsorbed at the LN(0001) surface, either in the form of thin films with honeycomb symmetry or in small clusters. The analysis of the vibrational frequencies of adsorbed water molecules may help to assess the occurring geometry for high coverage. Our calculations confirm that the water adsorption has a stabilizing effect on both the positive and negative LiNbO 3 surfaces.
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